A reduction treatment using carbon powder for reducing TiO 2 to fabricate non-stoichiometric titanium dioxide, TiO 2Àx , was proposed and performed. The carrier density and non-stoichiometric number were calculated by using thermogravimetry (TG) while heating and re-oxidizing TiO 2Àx in air. The thermoelectric properties of TiO 2Àx were measured and evaluated in air. The results show that TiO 2Àx can be simply and safely obtained by reducing insulating TiO 2 through the proposed reduction treatment. The carrier density increases and non-stoichiometric number decrease with the temperature of the reduction treatment and have a good correspondence with the decrease in the electrical resistivity of TiO 2Àx . Significantly improved thermoelectric properties were observed as a consequence of the decreasing electrical resistivity of TiO 2Àx .
Introduction
In recent years, titanium dioxide has been the most investigated metal oxide with regard to its applications as a photocatalyst, [1] [2] [3] [4] thermoelectric material, 5) gas sensing material [6] [7] [8] and other functional materials. [9] [10] [11] To increase its electrical conductivity, 5, [11] [12] [13] [14] [15] catalytic activity 16, 17) and sensing behaviour, [18] [19] [20] it is necessary to increase the oxygen vacancy in the crystal and obtain a non-stoichiometric titanium dioxide, TiO 2Àx . In previous researches, reduction treatment in a H 2 or CO atmosphere at elevated temperatures was generally used to obtain TiO 2Àx . TiO 2 in anatase form was heated at 1223 K in a 100% H 2 stream for 1 h and reduced to non-stoichiometric orthorhombic titanium dioxide, TiO 2Àx . 11, 15) In these studies, the composition of TiO 2Àx was determined by using thermogravimetry (TG) and the non-stoichiometric number 2 À x reached 1.94. Further, TiO 2Àx film was obtained by reducing TiO 2 film in a H 2 atmosphere at 1273 K, and the value of x was 0-0.5; the obtained film had good oxygen sensitivity and excellent resistance-temperature properties. 20) However, it is expected that a non-stoichiometric titanium dioxide, TiO 2Àx can be obtained in safer and simpler ways by comparing the reduction treatment in H 2 and CO atmospheres. Moreover, with regard to high temperature applications and the use of non-toxic elements in thermoelectric material, many recent researches have focused on oxide thermoelectric materials containing the TiO 2 system. 5, [21] [22] [23] [24] Moreover, it is understood that the principal factor in the increase in the thermoelectric properties of oxide thermoelectric materials is the decrease in electrical resistivity.
In the present investigation, a new reduction treatment using carbon powder was proposed and performed for fabricating non-stoichiometric titanium dioxide by reducing TiO 2 . The carrier density and non-stoichiometric number of TiO 2Àx were estimated by using TG. Further, the electrical resistivity and Seebeck coefficient of TiO 2Àx were measured and the power factor was calculated to evaluate its thermoelectric properties.
Experimental

Fabrication of TiO 2 and reduction treatment for
TiO 2Àx Titanium plates of 99.9% purity with dimensions of 100 Â 3 Â 0:3 mm were used for fabricating TiO 2 . TiO 2 plates were prepared by oxidizing the titanium plates at 1173 K for 110 h in air. X-ray diffraction (XRD) and electrical measurements revealed that the fabricated TiO 2 plates had a rutile form and were insulators. Carbon powder with a diameter less than 1.4 mm, which was obtained by powdering charcoal and sieve classification, was used for reduction treatment. This treatment was performed by a simple process as follows. First, the TiO 2 plates were placed at the bottom of a U-shaped alumina tube with 10 Â 150 mm, which was then filled with carbon powder. Following this, the tube was set in an electrical furnace and heated to an elevated temperature for reduction treatment. It is important for the tube to have sufficient length and a sufficient volume of carbon powder to ensure that the TiO 2 plates remain in the carbon powder and are not exposed to the air after the reduction treatment. In the present study, the treatment was carried out at 873 K, 1073 K, 1173 K, 1273 K and 1373 K for a holding time of 0.5 h.
Measurement of thermoelectric properties
To obtain a uniform temperature slope along the length direction of the TiO 2Àx plate for measuring the Seebeck coefficient, a tubular electrical furnace with three controllable heaters was used. The TiO 2Àx plate was heated, maintained at the measurement temperature and provided with a temperature difference, that is, a temperature slope between the two sides. In the present study, the temperature differences were 10 K, 5 K, 0 K, À5 K and À10 K. Here, 0 K implies that there was no temperature difference between the two sides of the TiO 2Àx plate. Negative temperature differences imply that the temperature slopes were the reverse of those for the positive values. The Seebeck coefficient was calculated from the ÁT-ÁV curve. The electrical resistivity of the TiO 2Àx plate at an elevated temperature was measured To examine the carrier density and the non-stoichiometric number 2 À x of TiO 2Àx obtained from this reduction treatment, TG and DTA were measured by using a thermal balance (TG-DTA 2000S, MAC science Co., Ltd.) while heating TiO 2Àx up to 1273 K at 80 K/min, holding it for 5 h in air and oxidizing TiO 2Àx to the entire TiO 2 . The weight of the TiO 2Àx sample was approximately 200 mg.
Results and Discussion
Fabricated TiO 2Àx
A photograph of the TiO 2 and TiO 2Àx plates obtained by high temperature oxidation and the reduction treatment is shown in Fig. 1 . It is evident that the TiO 2 plate was of a light yellow color (see (a)); after the reduction treatment at 873 K or 1173 K, the color became darker than that obtained by high temperature oxidation (see (b) and (c)). Further, the plates became black after the reduction treatment at 1273 K or 1373 K (see (d) and (e)). Furthermore, SEM micrographs of the composition and EPMA line analysis of the cross section of the TiO 2Àx plate revealed an almost uniform distribution for the composition of oxygen and titanium and an absence of carbon invasion, as shown in Fig. 2 . The color change mentioned above is understood to be due to the formation of oxygen defects in the crystals; this occurred when TiO 2 was changed to TiO 2Àx through the reduction treatment. The electrical resistivity of TiO 2Àx at room temperature is listed in Table 1 . TiO 2 as an insulator had a large electrical resistivity (which could not be measured) in the absence of reduction treatment and when reduced at a low temperature of 837 K. However, the electrical resistivity of TiO 2Àx above 837 K decreased considerably with increasing reduction temperature and reached 2.2 mm after reduction treatment at 1373 K for 0.5 h. Crystals of TiO 2 and TiO 2Àx possess a rutile form as revealed by the XRD patterns in Fig. 3 . It is evident that the peaks after the reduction treatment show a little increase for the XRD angle 2; this implies that the distances between the crystal planes decreased. The distances between some crystal planes are shown in Fig. 4 . It is observed that the distances are almost unchanged after the reduction treatment at 873 K but decrease at temperatures over 873 K. The decreases in the distance between crystal planes with a high atomic density are larger than those with a low atomic density as shown in Fig. 4(b) .
The carrier density and non-stoichiometric number
of TiO 2Àx From DTAs during the heating of TiO 2Àx to 1273 K in air using a thermal balance, clear heating peaks due to the reoxidizing of TiO 2Àx during the heating process were found. Further, the peaks became larger, that is, the re-oxidation from TiO 2Àx to TiO 2 became intense with increasing reduction temperature. Weight changes while heating TiO 2Àx to 1273 K and holding it for 5 h in air are shown in Fig. 5 . From this figure, a large weight increase during the initial heating process can be observed, after which the weight is almost unchanged. In other words, the present process of heating and holding is sufficient to oxidize TiO 2Àx to TiO 2 . Assuming that the re-oxidizing of TiO 2Àx while heating in air is given by the following reaction,
the carrier density n e and non-stoichiometric number 2 À x of TiO 2Àx are calculated by using the weight increment as in equations 2 and 3, respectively.
Here, ÁW is the weight increment, W Table 2 . It is found that the weight increment ÁW and the carrier density n e increase, but 2 À x decreases with the reduction temperature. Since the measured electric resistivity decreased with the reduction treatment temperature as listed in Table 1 , it is understood that the changes in the calculated carrier density and 2 À x in Table 2 were reasonable. Further, the block material of TiO 2Àx is compared with reference, 15) in which TiO 1:94 was obtained by reducing TiO 2 at 1223 K in a 100% H 2 stream for 1 h and the electrical resistivity decreased to 160 mm. In the present work, TiO 1:95 (see Table 2 ) was obtained by the proposed reduction treatment at 1073 K for 0.5 h and the electrical resistivity obtained was of the same value, namely, 160 mm (see Table 1 ). From the above comparisons, it can be understood that the calculated results from TG for the carrier density and 2 À x for TiO 2Àx are in the appropriate range. The proposed reduction treatment is an effective and simple way to reduce TiO 2 to TiO 2Àx and decrease the electrical resistivity.
Thermoelectric properties of TiO 2Àx
The electrical resistivity and Seebeck coefficient of TiO 2Àx at temperatures up to approximately 550 K are shown in Fig. 6 . It can be seen that the electrical resistivity of TiO 2Àx decreases considerably with increasing reduction temperature, and tends to decrease with increasing measurement temperature; this is similar to the behaviour of a semiconductor ( Fig. 6(a) ). This is a result of the decreasing 2 À x in TiO 2Àx , that is, due to the increase in the carrier density with reduction temperature as listed in Table 2 . Figure 6 (b) reveals that in the case of the reduction treatment at 1073 K, the Seebeck coefficient is approximately À800 mVK À1 . In the other cases, the Seebeck coefficient is maintained at approximately À200 mVK À1 up to 550 K. Usually, the Seebeck coefficient decreases according to the reduction in the electrical resistivity for thermoelectric materials. The above results, revealing that the electrical resistivity decreased but that the Seebeck coefficient was maintained at approximately À200 mVK À1 up to 550 K in the cases where Thermoelectric Properties of Non-Stoichiometric Titanium Dioxide TiO 2Àx Fabricated by Reduction Treatment Using Carbon Powderthe reduction temperature was over 1173 K, may not be only related to the carrier density, but also related to the change in the sub-crystal structure during the reduction treatment. The power factor P (¼ S 2 =) increased and reached a large value of 1 Â 10 À4 Wm À1 K À2 after the reduction treatment at 1373 K as shown in Fig. 7 . Owing to the decreasing electrical resistivity of TiO 2Àx , its thermoelectric properties improved considerably. However, after the measurement, there was an obvious increase in the electrical resistivity and a change in the Seebeck coefficient because of the re-oxidation of TiO 2Àx due to the heating performed during the measurement. This re-oxidation can be prevented by coating the ceramics on the surface of the TiO 2Àx plate.
Although the power factor in the present study was lower than that of reported n-type thermoelectric oxides such as Aldoped ZnO ($ 9:8 Â 10 26) and Sr 1Àx La x TiO 3 (2:8 $ 3:6 Â 10 À3 Wm À1 K À2 ), 27) the present process and composition are very simple and a considerable increase in the power factor is expected through improvements to the present process and doping.
Conclusion
The proposed reduction treatment using carbon powder is an effective and simple way to reduce TiO 2 to nonstoichiometric titanium dioxide, TiO 2Àx , and to decrease the electrical resistivity. The carrier density and nonstoichiometric number 2 À x of TiO 2Àx can be calculated by using the weight increment during the heating and reoxidizing of TiO 2Àx in air. By increasing the carrier density to decrease the electrical resistivity, the thermoelectric properties of TiO 2Àx were considerably improved and a large power factor reaching 1 Â 10 À4 Wm À1 K À2 was obtained. 
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